Aims: Ca 2 + and cAMP are important intracellular modulators. In order to generate intracellular signals with various amplitudes, as well as different temporal and spatial properties, a tightly and precise control of these modulators in intracellular compartments is necessary. The aim of this study was to evaluate the effects of elevated and sustained cAMP levels on voltage-dependent Ca 2 + currents and proliferation in pituitary tumor GH3 cells.
Introduction
Ca 2 + is a ubiquitous intracellular second messenger which is critical for the regulation of large number of cellular processes, including gene expression, secretion of hormones and neurotransmitters, apoptosis, cell cycle and proliferation [1] [2] . Perturbations in intracellular Ca 2 + homeostasis can result in cell malfunctioning [3] [4] . Therefore, a tight control of Ca 2 + mobilization and its signaling pathways are required for cell survival. Under resting conditions, intracellular Ca 2 + concentration is maintained at approximately 100 nM, but upon stimulation, the intracellular Ca 2 + concentration can increase dramatically, often reaching micromolar levels. Such increase occurs via release from intracellular stores and/or influx through voltage-dependent Ca 2 + channels [3] [4] [5] . Voltage-dependent Ca 2 + channels are divided into two subfamilies: high voltage-activated (HVA) and low voltage-activated (LVA) [5] . Members of the HVA Ca 2 + channels sub-family include L-(Ca V 1.x), N-, P/Q-, and R-types (Ca V 2.y) typically requires stronger membrane depolarization (>− 40 mV) to activate. In contrast, LVA Ca 2 + channels (Ca v 3.x), also called T-type Ca 2 + channels, require less membrane depolarization to activate (~− 60 mV), T-type Ca 2 + channels exhibit fast current inactivation, slow deactivation kinetics [6] and are partially insensitive to the classical organic (dihydropyridines, benzothiazepines and phenylalkylamines) and inorganic (Co blockers [7] . Accordingly, a number of studies have been pursued to uncover how Ca 2 + channels are modulated in different scenarios [8] [9] [10] [11] . One of the main signaling cascade responsible for the modulation of Ca 2 + channels´biophysical properties is the cAMP-PKA axis [10] [11] [12] [13] [14] It is common knowledge that cAMP is involved in various aspects of cell signaling, showing a large spectrum of biological functions. Because of the importance of the balance of intracellular cAMP levels, a tight intracellular control is crucial and deregulation in this balance will affect cell physiology [17] [18] [19] and may result in various diseases [20] [21] .
GH3 cells, a well-characterized tumor pituitary cell line that synthesizes and secretes growth hormone and prolactin, are well known to exhibit two distinct components of voltage-dependent Ca 2 + current a transient current and a non-inactivating current [15] . In a previous work, we identified two major mRNA transcripts for T-type Ca 2 + channels (Ca V 3.1 and Ca V 3.2) expressed in GH3 cells [16] . The aim of this study was to evaluate the effects of elevated and sustained cAMP levels on voltage-dependent Ca 2 + currents and proliferation in neurosecretory pituitary tumor GH3 cells using electrophysiological and fluorescent techniques. We demonstrated that elevated and sustained intracellular cAMP levels increased Ca 2 + current density that lead to enhanced GH3 cell proliferation rate.
Materials and methods

Cell culture
GH3 cells (American Type Culture Collection) were cultured in DMEM-HEPES modification (Sigma-Aldrich, USA) supplemented with 10% Fetal Bovine Serum (Cultilab, Brazil) and 1% penicillin-streptomycin solution (Sigma-Aldrich, USA). The cells were routinely grown as stocks in 75 cm 2 flasks (Costar, USA) at 37°C in a humidified atmosphere. The culture medium was changed three times a week. For electrophysiological recordings, the cells were sub-cultured on glass coverslips (Corning, #1, USA) without any pretreatment and plated in 47 mm dishes. Usually they were used 1-2 days after trypsinization. Forskolin was prepared as 25 mM stock solution in dimethyl-sulphoxide (DMSO) and added to the growth medium at a final concentration of 10 μM. Dibutyryl-cAMP (dbcAMP) was prepared as 1 mM stock solution in water and added to the growth medium to a final concentration of 200 μM. Cells were exposed to dbcAMP (200 μM) up to 72 h or forskolin (10 μM) for 24 and 48 h. Control cells were incubated in the presence of DMSO (vehicle) in the same concentration as that used when cells were incubated with forskolin.
Electrophysiology
In all experiments the whole-cell mode of the patch-clamp technique was employed. The electrodes were pulled on a PP-83 two-stage (Narishige, Japan) puller from both soft (1.5 mm non-heparinized micro hematocrit glass capillaries, Selecta, Brazil) and borosilicate glass capillaries (1.5 mm diameter, Clark, UK) to a tip diameter of 1-2 μm. The pipette resistance was 2-5 MΩ when filled with the appropriate pipette solution.
Membrane currents were recorded with a HEKA-EPC 9 amplifier with Pulse and Pulse-fit acquisition and analysis software (HEKA ELEKTRONIK, Lambrecht, Germany). Only isolated cells were selected for recording to minimize space clamp errors. Voltage errors were minimized using series resistance compensation (generally 60%). Cancellation of the capacitance transients and leak subtraction was performed using a programmed P/4 protocol delivered at a particular holding-potential that is appropriate for the measured current. Ca 2 + current (I Ca )-voltage data were typically acquired by recording responses to a consecutive series of step pulses from a holding potential (− 80 mV) with increments of + 10 mV for 50 ms. Data acquisition was initiated approximately 3-5 min after the establishment of the wholecell configuration when membrane currents had stabilized after intracellular dialysis with the pipette solution. Data were always recorded during continuous perfusion of the clamped cell with the extracellular test solution. There were no corrections for liquid junction potentials. All the experiments were performed at room temperature (25-28°C).
Current traces were acquired at 10 kHz and filtered at 2.5 kHz with a 4-pole low-pass Bessel filter. Data analysis was carried out off-line using Pulse-Fit (HEKA ELEKTRONIK, Lambrecht, Germany), Excel (Microsoft Office suite, USA), GraphPad Prism v5.0 and Sigma Plot v11.0 (Jandel Scientific, USA).
FRET measurements
GH3 cells were stably transfected with the EPAC-1 cAMP sensor [22] . For FRET-measurements, cells were seeded on glass-coverslips two days before the measurements. Excitation wavelength for FRETexperiments was 436 ± 25 nm, emission was split at 455 nm (long pass) using a Dual-View beam splitter, and recorded at 480 ± 15 and 535 ± 20 nm, respectively, with a Cool Snap HQ 2 camera (Photometric, USA). Sample frequency was 0.2 to 0.
[x]Hz to avoid excessive bleaching. Data acquisition and initial offline analysis were performed with MetaFluor Software (Molecular Devices Inc., Sunnyvale, CA, USA). Calculations, final analysis, and representation were done using Excel (Microsoft) and Graph Pad Prism3 (Graph Pad Software, Inc.). As the EPAC1 cAMP sensor shows decreasing FRET-ratios with increasing cAMP-concentrations, for convenience the ratios were calculated as emission at 480 nm (cyan) divided by the emission at 535 nm (yellow). All emissions were background subtracted offline. To establish a stable baseline, cells were initially monitored for 5 to 10 min. At the indicated time forskolin (final concentration 10 μM) or dbcAMP (final concentration 200 μM) were applied to the cells. To evaluate the effect of each drug, the FRET-ratio (Cyan/Yellow) was calculated before and after each drug application and the difference expressed as FRET ratiochange in percentage normalized to the baseline.
Cell proliferation
We use the Real-Time Cell Monitoring (xCELLigence), a highly sensitive system, to measure cell growth. The xCELLigence system RealTime Cell Analyzer RTCA-SP (ACEA Biosciences, USA) is an electrical impedance-based real-time cell monitoring system for detection of cellular viability. The recording of cell index values (CI), normalizations and the monitoring of Aβ1-42 mediated cytotoxicity was performed using RTCA Software 1.2. The RTCA-SP device was calibrated using RTCA Resistor Plate 96 prior to each experiment and impedance measurements were carried out in 96-well E-plates (ACEA). The impedance readout is expressed as arbitrary cell index values. The normalization of cell index arbitrarily sets cell index to 1 at a desired time point, which is typically the time of adding compounds. The background impedance caused by the media is measured using 100 μl in each well prior to seeding of cells and is automatically subtracted by the RTCA software using the following equation: CI − (Ζi − Ζo) / 15 with Ζi as the impedance at any given time point and Ζo being the background signal.
GH3 were seeded at a density of 5 × 10 3 cells/well into 96-wells E-plates and left overnight to allow for cell attachment and left until the cell index reached a value of 1 prior to addition of forskolin (10 μM) and vehicle controls (DMSO) to ensure consistency of cell number. The resulting data were exported to Microsoft Excel spreadsheet using the RTCA software for further analysis.
Solutions
Solutions 
Statistical analyses
All values are given as means ± SD. We evaluated statistical differences using Student's unpaired two-tailed t-test. We assumed significance when P < 0.05.
Results
Forskolin has biphasic effects on voltage-dependent Ca 2 + currents
We used forskolin, a well-known adenylate cyclase stimulator, in order to increase intracellular cAMP. After 24 or 48 h forskolin incubation, GH3 cells showed a significant increase in Ca 2 + current density (I Ca ) when compared to controls (Fig. 1A) . I Ca peak were − 11.07 ± 7.17 pA/pF for 24 h forskolin (72% increase, n = 300 cells), −9.14 ± 5.28 pA/pF for 48 h forskolin (41% increase, n = 200 cells), and − 6.44 ± 3.76 pA/pF for control (n = 200 cells). Conversely, forskolin (10 μM, n = 20), dbcAMP (200 μM, n = 15), and IBMX (100 μM, n = 15) provoked a decrease in Ca 2 + current density when applied acutely (< 1 h) to GH3 cells (Data not shown). No further increase in current density was observed for longer incubation times (96 h, data not shown, n = 5). Under control conditions (DMSO as vehicle), I Ca inactivates only very slowly (Fig. 1A) . In contrast, I Ca from forskolin-treated cells showed a clear change in inactivation time-course at 48 h. There was a slight shift (Fig. 1B) towards hyperpolarized membrane potentials to reach peak current density in forskolin-treated cells. These findings suggest a possible involvement of T-type Ca 2 + channels.
dbcAMP increases Ca 2 + current and mirrors the effect of forskolin
To confirm our previous results, we used dbcAMP (a membrane permeable analog of cAMP) that will directly contribute to elevate intracellular cAMP levels.
Long-term treatment of cells with dbcAMP increases I Ca in a timedependent manner ( Fig. 2A) . However, the increase in peak current was not accompanied by a significant shift in current-voltage relationship (peak I Ca were at −12.0 ± 16.9 mV in control (Fig. 2B, n = 12 ), − 10.0 ± 6.1 mV in 24 h exposure (Fig. 2B, n = 17) , and − 12.7 ± 4.64 mV in 48 h (Fig. 2B, n = 11) ). On average, the peak current density amplitude at − 10 mV increased from − 3.9 ± 1.3 pA/ pF (Control, n = 5) to −8.9 ± 2.9 pA/pF (after 24 h dbcAMP, P < 0.05, n = 7) and to −14.1 ± 4.31 pA/pF (after 48 h dbcAMP, P < 0.05, n = 11) of its control value (Fig. 2C) . The observed increase in current density was not related to cell changes in size (data not shown). No effect was observed when forskolin-inactive form (Dideoxiforskolin) was used (Fig. 2D ).
Forskolin or dbcAMP increased cAMP in GH3 cells but with different time-course
To confirm and verify how the treatment with forskolin or dbcAMP increased intracellular cAMP, we performed a series of FRET experiments. The treatment with both drugs (forskolin or dbcAMP) resulted in an increase of cAMP with a clear peak followed by a plateau when forskolin was used (Fig. 3A, black line) . The increase in cAMP due to dbcAMP (Fig. 3A, gray line) was much slower and different from forskolin until steady-state was reached. After plateau phase there is no (~2000 s) significant differences in cAMP levels between these two 
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Life Sciences 192 (2018) [144] [145] [146] [147] [148] [149] [150] drugs. To exclude unspecific effects, we also performed control experiments incubating GH3 cells with DMSO (used as vehicle) and found no time-dependent changes in cAMP levels. (Table 1) . No significant differences were found when this calculated fraction (basically due to T-type Ca 2 + current) was compared with the amplitude of the mibefradil inhibited current (Table 2 ). These data reinforce that T-type Ca 2 + channels are responsible for the fast inactivating current component observed when GH3 cells were exposed to forskolin (24 and 48 h).
L-and T-type voltage-dependent Ca
Long-term treatment with forskolin increased cell proliferation
A large number of investigations have shown the participation of cAMP or Ca 2 + channels in controlling cell proliferation [8, 21, 23] . As our experimental conditions resulted in an increase of cAMP levels and Ca 2 + currents, we decided to investigate whether cell proliferation was affected. Our results show a significant increase in cell proliferation rate after forskolin treatment and this was more evident after 24 h incubation (Fig. 6 ).
Discussion
In this study we have examined the effect of intracellular cAMP on voltage-dependent L-and T-type Ca 2 + channels in GH3 cells and the impact on proliferation rate. We found that sustained increase of [10] [11] [12] [13] . Our results provide strong evidence that sustained intracellular levels of cAMP increased voltage-dependent Ca 2 + current density in GH3 cells. Interestingly, however, acute cAMP application leads to a decrease in Ca 2 + current density. This opposite effects on Ca 2 + currents between acute and sustained exposure to cAMP might be due to spatial and time characteristics of the cAMP accumulation intracellularly. One critical point that has emerged in the literature, which could be relevant to explain these distinct effects, is that cAMP signaling is compartmentalized. Indeed, FRET experiments demonstrated that cAMP is not distributed equally throughout cells favoring the formation of intracellular gradients [22] . This is in agreement with studies that demonstrate that the outcome of cAMP signaling cascade and response could be different even in the same cell depending on the duration and the nature of the stimulus [17, 22] .
We reasoned that this contrasting result (acute vs sustained increase in cAMP) on Ca 2 + currents would be a strategy of GH3 cells to regulate [18, [24] [25] [26] [27] . The present study demonstrated that sustained exposure to forskolin also increased T-type Ca 2 + current density. These results are partially supported by the study of Giancippoli et al. [26] and Novara et al. [18] who found increased activity of T-type but not L-type Ca 2 + channels in rat chromaffin cells when incubated with cAMP or β-adrenoceptor (β-AR) agonists for five days (120 h). In addition to that, and supporting our results, Mariot et al. [28] found an overexpression of T-type Ca 2 + channels (specifically the α1H isoform (CaV 3.2 )) in differentiating prostate cancer cells when treated for long periods (3-5 days) with dbcAMP or non-specific phosphodiesterases inhibitor (such as IBMX). Harraz and Welsh [24] showed that PKA activators suppressed T-type Ca 2 + currents in rat arterial smooth muscle cells.
The difference in reaching the maximum response on Ca 2 + currents between forskolin and dbcAMP may be explained by the different timecourse in inducing an effective intracellular rise in cAMP as demonstrated by our FRET experiments. Forskolin generated a faster change in intracellular cAMP (500 s) after its application, which was in contrast with the very slow change elicited by dbcAMP (~4 times slower). Ca be a key point in cell cycle progression [4] . Recording of voltage-gated Ca 2 + channels through the cell cycle stages revealed large variations in L-and T-type Ca 2 + channels expression profiles. T-type Ca 2 + channels seem to play a major role in cell proliferation but some controversy exist [8] .
Long-term treatment with forskolin resulted in an increase of cell proliferation where both, L-and T-type Ca 2 + currents, were augmented and are in agreement [23] with the observation that GH3 growth was stimulated by cAMP but in contrast with Zivadinovic et al. [21] where the growth decreased with increased levels of cAMP. The participation of L-and T-type Ca 2 + channels has been recognized in the control of cell proliferation [3] [4] 24] .
Conclusion
Taken all together, our results points to the view that changes in proliferation rate in GH3 cells in response to sustained levels of cAMP is related to an increase in L-and T-type Ca 2 + current densities.
